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Introduction
Since their discovery, electrically conductive polymers such as polyacetylene, polythiophene, polyphenylene, and polypyrrole have been extensively studied due to their interesting electronic properties and possible applications as battery electrodes, sensors and solid-state devices [1] [2] [3] [4] [5] . Especially the fabrication of nanostructured devices has received considerable attention, as these have proven to be even more effective than their larger sized counterparts, for example in sensor applications due to the greater exposed surface area of nanostructured materials [6] , or due to their higher conductivity as compared to bulk samples [7] . Thin films of conducting polymers are appealing for optoelectronic device applications, which often require polymeric transparent electrodes for the improvement of device performance and fabrication of polymer only devices [8] . Among the conducting polymers, polypyrrole has always remained an attractive option due to its relatively high environmental stability and electrical conductivity, and easy preparation. On the other hand, a disadvantage of polypyrrole, is that it has poor mechanical properties. It can be prepared either by chemical or by electrochemical oxidation polymerization. The electrochemical method has remained far more popular due to the superior properties of the obtained material as compared to chemically prepared polypyrrole, which is usually obtained as a powdery precipitate. Its properties very much depend on the reaction conditions, such as the nature and concentration of the oxidant, reactant stoichiometry, reaction medium, temperature, and reaction time [9] [10] [11] [12] . Nevertheless, an advantage of the chemical method is that it can be used to polymerize polypyrrole onto a polymeric template, for example to obtain material with better mechanical properties or to obtain nanostructured polypyrrole [13, 14] . Especially poly(4-vinylpyridine) (P4VP) has been used in this respect, due to the ability of P4VP to form complexes with various oxidants, while these retain their ability to oxidize pyrrole [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
P4VP containing block copolymers are interesting candidates as templates, due to the nanoscale ordered structures that can be formed by self-assembly. Especially when ordered in thin films, such nanostructures offer great possibilities for use in nanotechnology applications [25] . In thin films, the tendency of the block with the lower surface free energy to segregate at the air interface, and that of the block with the lowest interfacial energy to segregate at the substrate interface usually cause the formation of terraces of microdomains oriented parallel to the substrate when the initial film thickness is incommensurate with the microdomain period. This implies that in P4VP-based block copolymers, P4VP will generally not segregate at the air interface due to its high surface free energy. However, the use of PS-b-P4VP(PDP) comb-shaped supramolecules, where PS denotes polystyrene and PDP denotes pentadecylphenol amphiphiles that hydrogen bond to the pyridine units of P4VP, offers an attractive option to avoid this effect. The ability of these supramolecules to microphase separate into socalled structures-within-structures was first recognized by Ruokolainen et al. [26] . The easy removal afterwards of the PDP molecules by simple dissolution is a great advantage for nanomaterial fabrication ( Fig. 1 ) [27] .
In thin films of these supramolecules on silicon oxide (SiO 2 ), the entire comb-block generally segregates at the air interface as well as at the substrate interface, due to the preferential interactions of PDP with air and of P4VP with SiO 2 . Just as in most other simpler diblock copolymer systems, this leads to the formation of terraces of parallelly oriented microdomains. Subsequently washing away PDP easily results in single, uniform cylindrical or lamellar layers, depending on the self-assembled state, covering the substrate (Fig. 2) [28] . This not only takes away the need to carefully control the film thickness in order to avoid terrace formation when a single microdomain layer is desired, but also results in P4VP being present at the air interface. In the present paper, such nanostructured templates from thin films of PS-b-P4VP(PDP) comb-shaped supramolecules, obtained by exfoliating the top layers of microphase separated thin films of asymmetric PS-b-P4VP(PDP) with a high P4VP(PDP) weight fraction as previously described in Ref. [28] , have been used to create transparent conducting thin films and polypyrrole/PS-b-P4VP hybrid nanorods via template synthesis with CuCl 2 as an oxidant. The use of a catalytic amount of bipyrrole proved to have a significant influence on the polymerization mechanism and the quality of the obtained product.
Experimental section

Materials and sample preparation
Chemicals
Two different block copolymers, P3546-S4VP (M n (PS) ¼ 20,000 g mol À1 , M n (P4VP) ¼ 19,000 g mol À1 and M w /M n ¼ 1.09) and P110-S4VP (M n (PS) ¼ 47,600 g mol À1 , M n (P4VP) ¼ 20,900 g mol À1 and M w /M n ¼ 1.14) were obtained from Polymer Source, Inc. and used as-received. Pentadecylphenol (PDP) was purchased from Aldrich and was recrystallized twice from petroleum ether (40-60 w/w) and dried in a vacuum at 40 C. Pyrrole (99% pure, Acros) was distilled from calcium hydride and stored at À15 C until use. Analytical grade solvents were all used as-received. 2,2 0 -Bipyrrole was synthesized according to an established procedure [29, 30] .
Substrate preparation
Double side polished silicon (Si) substrates of w1 cm 2 with a native silicon oxide layer on the surface were cleaned by immersion in a 70/30 v/v piranha solution of concentrated H 2 SO 4 and H 2 O 2 (30%) at 60 C for 1 h, thoroughly rinsed with Milli-Q water, treated ultrasonically in methanol for 15 min, and dried under a stream of nitrogen. 
Thin film preparation
PS-b-P4VP and PDP were dissolved in CHCl 3 and stirred for at least 2 h to yield w1 wt% stock solutions. These solutions were diluted and spin coated at speeds between 2000 and 5000 rpm to yield films of w70 nm thickness. Subsequently, the films were annealed in chloroform vapor in a small sealed chamber for w20 h. The temperature of the polymer samples T p was kept at 24 C with a Tamson heating circulator, while the temperature of the included solvent reservoir T s was kept at 20 C with a Lauda RC6 CP refrigerated circulator. After annealing the lid was lifted from the setup and solvent evaporated within a fraction of a second. PDP was washed from the films by ultrasound treatment in ethanol for at least 5 min, only leaving one polymer layer at the SiO 2 interface.
Copper complexation
The thin films were soaked for various amounts of time in a filtered 0.25 M solution of hydrous CuCl 2 in methanol, after which the samples were thoroughly rinsed and washed for 1 min in methanol under ultrasound to remove uncomplexed copper.
Pyrrole polymerization
The Cu 2þ complexed samples were soaked for various amounts of time in methanol solutions of pyrrole (various concentrations, both with and without 2,2 0 -bipyrrole), after which the samples were ultrasonically treated for 1 min in methanol.
Instrumental methods
Atomic force microscopy
Tapping mode AFM was performed on a Digital Instruments Enviroscope AFM equipped with a Nanoscope IIIa controller using Veeco RTESPW silicon cantilevers (f 0 ¼ 240-296 kHz and k ¼ 20-80 N/m as specified by the manufacturer). Film heights were measured by scratching the polymer layer from the silicon oxide surface with a razorblade, being careful not to damage the substrate itself, after which scans with a 1:8 ratio were taken at the edge between the polymer layer and the silicon substrate to minimize distortion along the slow scanning axis. The height of the films was measured within a 1.5% error margin by fitting a plane to the bare substrate and plotting a depth profile using Digital Instruments Nanoscope software.
Fourier transform infrared spectroscopy
Transmission FTIR measurements were performed on a Bruker IFS 66v/S spectrometer equipped with a DTGS detector. All spectra were measured at a resolution of 4 cm À1 and are averages of 2400 scans. The spectrum of a clean silicon wafer was used as a reference.
X-ray photoelectron spectroscopy
The samples were introduced through a load look system into an SSX-100 (Surface Science Instruments) photoemission spectrometer with a monochromatic Al Ka X-ray source (hn ¼ 1486.6 eV). The base pressure in the spectrometer during the measurements was 10 À10 mbar. The photoelectron takeoff angle was 37 . The energy resolution was set to 1.3 eV to minimize measuring time. Sample charging was compensated for by directing an electron flood gun onto the sample. XPS binding energies were referenced to the carbon signal at 284.5 eV. Spectral analysis included a Shirley background subtraction and a peak deconvolution that employed Gaussian and Lorentzian functions in a leastsquare curve-fitting program (WinSpec) developed at the LISE, University of Namur, Belgium.
Conductivity measurements
Conductivity measurements were performed in vacuum on polypyrrole coated single lamellar PS-b-P4VP layers that were prepared on silicon substrates with a w300 nm thick insulating SiO 2 layer. Two w60 nm thick gold electrodes with a width of 4 mm and 60 mm separation were evaporated onto the polypyrrole, after which I-V curves were recorded using a Keithley 4200 SCS.
Results and discussion
Template formation
In Ref. [28] , it was shown how a uniform monolayer of parallel cylinders could be obtained by annealing the cylindrical PS-b-P4VP(PDP) comb copolymer system P110(PDP) 1.5 (the subscript implies the presence of 1.5 PDP molecule per pyridine unit), with a film thickness of two layers of parallel cylinders or more, in chloroform vapor and subsequently washing away PDP and the top layers of cylinders with ethanol. Less attention was focused on the P3546(PDP) 0.1 system containing only a small amount of PDP, that the bottom layers of all terraces, including the first one, have the same height, however, the defect density in the bottom layer at the transition from the former lowest (T0) to the former second terrace (T1) is relatively high. This was also the case for cylindrical samples, which is why the minimum film thickness before PDP removal was chosen to be 2 microdomain spacings.
which forms a single lamellar layer with uniform thickness after ultrasound treatment of an annealed film ( Fig. 3) .
Unlike for the cylindrical sample [28] , the transition between the terraces is never smooth, and thus a truly uniform monolayer can not be obtained; when the samples are washed in ethanol, P4VP chains are present on the entire surface, also at defect locations, which after templated polymerization of polypyrrole will result in a continuous layer of polypyrrole covering the entire sample, with only some height defects near a former terrace edge.
Both the lamellar as well as the cylindrical layers have been used as templates for polypyrrole polymerization. In Fig. 4 , typical FTIR spectra of a lamellar thin film before and after ultrasound treatment in ethanol are shown, together with the spectrum of a pure block copolymer thin film. The decrease in intensity of the CH 2 bands at 2920 and 2850 cm À1 relative to the aromatic CH bands between 3100 and 3000 cm À1 indicates that the main part of PDP is washed from the system in the process of exfoliating the top lamellar layers from the substrate, although it can not be excluded that a small amount of PDP remains in the sample.
Templated pyrrole polymerization
The conductive properties of conjugated polymers such as polypyrrole depend on several factors. First of all, all conducting polymers are semiconductors, which have to be doped to produce mobile charge carriers. Therefore, the level of doping as well as the used dopant ion largely influence the conductivity of the polymer chains. Furthermore, the conductivity also depends on the charge transport between polymer chains. Charge carriers can more easily be transferred between polymer chains in highly ordered samples, and also within the polymer chain, a higher degree of order results in better transport properties. Finally, the conjugation length of the polymer chain plays an important role. The longer the chain of alternating single and double bonds, the better is the conductivity.
Electrochemical polymerization of pyrrole proceeds only when the potential is sufficiently high to oxidize the monomer, whereas too high potentials and high pH values easily lead to excess oxygen uptake in the polymer chain [31] . This 'overoxidation' may be caused by nucleophilic attack of OH À ions originating from dissociation of water in, or as, the solvent [32, 33] , which introduces covalently bound OH and C]O groups to the polymer, disrupting the conjugation length and deteriorating its conductive properties. However, the oxidation potential is easily controllable, and therefore the quality of the obtained material can be optimized. In chemically synthesized polypyrrole, factors such as solvent, reaction temperature, time, nature, and concentration of the oxidizing agent all affect the oxidation potential of the solution as well as the doping level of the polymer, which highly complicates the search for optimal reaction conditions [34] .
Nevertheless, for chemical oxidative polymerization, FeCl 3 has widely been accepted as the oxidant yielding polypyrrole with the best properties. However, it has a big disadvantage in terms of P4VP templated polymerization, as complexed Fe ions can no longer polymerize pyrrole monomers [24] . That is why in this study, the also frequently utilized oxidizing agent CuCl 2 has been used. If P4VP is present in excess, Cu 2þ ions can form a complex with a maximum of four pyridine units, which do not necessarily have to originate from the same polymer chain, resulting in crosslinking [35] . When Cu 2þ ions are present in excess, on average 2 VP units are complexed to the copper ion [36] . Nonetheless, irrespective of the number of attached ligands, all copper ions can induce pyrrole polymerization ( Fig. 5 ) [24] . Fig. 6 shows the FTIR results of complexation of P4VP in a solution of 0.25 M CuCl 2 in methanol. Already after 15 min of immersion in the CuCl 2 solution, complexation of Cu 2þ with the pyridine rings has taken place, as evidenced by the IR shifts of the CN stretching bands of the pyridine ring at 1600 and 1415 cm À1 to 1625 and 1425 cm À1 , respectively [37] . An extra feature in the form of a band at w1640 cm À1 can also be observed, which indicates the formation of pyridine N-oxides or quaternized pyridine. Its presence in a nanorod-like thin film that was created without PDP (see Fig. 7 for more details) indicates that the cause can not be found in a reaction with any remaining PDP.
The relative invisibility of the w1640 cm À1 band in thicker films of block copolymers complexed with Cu 2þ on the other hand [38] hints that it is caused by a surface effect. In silica gels doped with [Cu(C 5 H 5 N) 4 ] 2þ complexes (C 5 H 5 N ¼ pyridine), the slightly acidic residual surface SiOH groups have been found to protonate pyridine units, after which a chemical bond was formed between the complexed copper and the hydroxyl oxygens on the surface of the silicon [39] .
A comparable mechanism may also apply in our case, which would explain why XPS spectra of all complexed samples indicate the presence of two copper species (Fig. 8) . Two peaks were identified in the Cu2p spectra: Cu þ at 935 eV and Cu 2þ at 942.7 eV [40] . The three nitrogen species found by IR are also confirmed by XPS. In Fig. 9 , the XPS signal of the nitrogen 1s core level of a P110 nanorod film after copper complexation is shown together with the least square best fits. In this N1s spectrum three peaks were observed, one with the N1s component at a binding energy of 399.2 eV, assigned to free pyridine, and a second component at 400 eV assigned to complexed pyridine. A third peak component at 400.7 eV corresponds to quaternized pyridine; all peaks are in agreement with literature [41] .
Furthermore, the extra IR band at 1640 cm À1 is larger in nanorod samples than it is in the lamellar one. As the silicon interface in the lamellar layers is shielded by a layer of PS, it is more difficult for the copper ions to reach the P4VP at the silicon interface, while in the nanorod samples, this interface is largely uncovered. Longer complexation times than the normally applied 15 min or the use of higher CuCl 2 concentrations had little effect on the IR spectra, indicating that complexation was complete.
The polypyrrole quality has often been related to the concentration of the oxidizing agent and the monomer:oxidant ratio. In the case of templated polymerization, the concentration of the oxidant is a complicated matter, first of all because the ions are connected to the P4VP surface, and secondly because the degree of complexation is not known. The thickness of a lamellar film increased w13% after copper complexation. Assuming the maximum complexation of two pyridine units per copper ion and a CuCl 2 density of 3.38 g cm À3 , the thickness increase of a lamellar film can only be w10% at maximum. However, the density of complexed copper is most likely much less than the 3.38 g cm À3 for the crystalline material, and pyridine units near the silicon interface are likely less complexed than pyridine units at the air interface, making the degree of complexation hard to estimate.
Nevertheless, although the degree of complexation and hence the oxidant concentration was unknown, it could be kept constant by complexing all used samples longer than 15 min in a 0.25 M CuCl 2 solution (typically 1 h), the time after which constant IR spectra indicated complexation to be complete. Thus, the only concentration that can be varied is the pyrrole concentration. Furthermore, protic solvents and especially methanol have proven Fig. 7 ). The total absorbance in parts c and d was approximately 40% lower due to the smaller amount of cylindrical material as compared to a lamellar layer, which also contributes to the relative high amount of noise in part c. to yield the best quality products [12] , and by using solvent mixtures of methanol and acetonitrile or adding FeCl 2 even more suitable oxidation potentials could be realized [10, 12] . However, these studies were performed on systems where FeCl 3 was used as an oxidizing agent, and solvents may have a different influence on the oxidation potential of CuCl 2 solutions. Nevertheless, in this study methanol was chosen as a common solvent for all experiments, not in the last place because it is a good solvent for P4VP.
Complexed lamellar films were treated by immersion in solutions of pyrrole in methanol for 16 h. Treatment in a 1 M pyrrole solution did not result in any visible effect in IR results, indicating that no reaction has taken place due to a too low reactant concentration. Treatment in 5 M pyrrole on the other hand, resulted in the FTIR spectrum shown in Fig. 10 .
The shoulder at 1640 cm À1 caused by the quaternized pyridine does not seem to be effected, yet both peaks of complexed nitrogen atoms at 1615 cm À1 and 1430 cm À1 have largely disappeared, indicating that the complexed Cu 2þ species have been reduced to free Cu þ . Nevertheless, a clear indication of polypyrrole formation in the form of characteristic polypyrrole peaks can not be observed. The only extra band that is clearly present is a small carboxyl band at 1710 cm À1 . As mentioned before, this band has been observed in many pyrrole samples, chemically as well as electrochemically prepared, and is an indication of pyrrole overoxidation. C]O bonds are formed, which break the conjugation in polypyrrole, and lead to poorly conducting products. In reactions with FeCl 3 as an oxidant, Thié blemont et al. [33] concluded that short polymer chains which are formed in the beginning of the synthesis are more susceptible toward overoxidation. Furthermore, they found that the polypyrrole formation rate is proportional to the square of the oxidant concentration, while its overoxidation rate appears to be only proportional to this concentration. In accordance, higher oxidant concentrations give better products. In the case of the thin films used here, the oxidant concentration is probably so low, that only very short polymer chains are produced, which are all overoxidized, presumably even to short, soluble molecules such as maleimide that are not present in the film anymore after washing in ultrasound. However, as the oxidant concentration in the thin films cannot be increased, another method to produce polypyrrole was sought.
Influence of bipyrrole
In a recent study Tran et al. confirmed that dimer formation is the rate determining step in polypyrrole synthesis [42] . Bipyrrole has a lower oxidation potential than pyrrole and can serve as a nucleation center for growing polymer chains. Therefore, the intentional introduction of bipyrrole into the reaction mixture greatly enhances the rate of polymerization. This also implies that there are not many short chains present in the reaction mixture, which should substantially decrease the extent of overoxidation. That this is indeed the case can be seen in Fig. 11 .
Reaction in a mixture of 1 M pyrrole and 0.01 M of bipyrrole clearly results in polypyrrole, as can be concluded from the present characteristic polypyrrole bands at 1560 cm À1 (C]C stretching vibration) [43] and 1370 cm À1 (N-C stretching) [43] not present before polymerization, and the increase in film thickness of a 15.4 nm thick lamellar film before polymerization to 28.0 nm afterward. The featureless decrease in absorption, visible from 4000 to 1700 cm À1 has been assigned to the tail of the electronic absorption band located in the near infrared region [43] . The bands at 3110 and 3435 cm À1 are due to C-H and N-H stretching vibrations, respectively [44] . However, the obtained polypyrrole still clearly contains carbonyl defects as evidenced by the band at 1710 cm À1 . Reaction in 5 M pyrrole together with 0.01 M of bipyrrole logically resulted in higher polypyrrole yields (41.5 nm and higher intensity of IR peaks), yet the relative amount of carbonyl defects remained comparable. In both cases, adjustment of the bipyrrole concentration to twice the value also did not result in a noteworthy difference.
Assuming a maximum complexation of 2 pyridine units per Cu 2þ ion, and keeping in mind that every pyrrole unit has to be oxidized by 2 Cu 2þ ions to be incorporated in the polymer chain, the maximum thickness increase can only be w10%. In both cases, the thickness increase was considerably higher, even over 100% for the 5 M pyrrole þ 0.01 M bipyrrole solution. This indicates that the Cu þ ions that are a product of the monomer activation are reoxidized to active Cu 2þ ions by oxygen [45] . In this way, Cu 2þ ions may oxidize multiple pyrrole units, explaining the high yields. This assumption is furthermore supported by the fact that the solutions which held the silicon wafers turned black much faster than an unused solution, indicating polypyrrole formation within the solution. This non-templated polypyrrole formation is only possible if the complexed Cu 2þ species that were transformed to freely dissolved Cu þ were reoxidized again.
Finally, the reaction time is an important factor on which the quality of the obtained polymer depends. Longer reaction times obviously result in higher yields, yet the conductive quality of the obtained polymer is usually optimal at lower yields [12] . The optimal polymerization time depends on the other reaction conditions such as temperature and reactant concentration, the latter one because it influences the oxidation potential [12] . Fig. 12 shows the FTIR spectrum of a Cu 2þ complexed lamellar film that was reacted in a 1 M pyrrole and 0.01 M bipyrrole solution for only 1 h.
The polypyrrole yield is very low, as can be concluded from the lower peak intensities as compared to Fig. 11 , as well as the low thickness increase (15.4-19.7 nm, w25%), on the other hand, the IR band at 1710 cm À1 is absent, indicating that substantially less overoxidation has taken place. This means that for the studied reactions with bipyrrole, the overoxidation mainly occurs in a later stage of the reaction. In an early stage, most bipyrrole units will quickly react to form long polymer chains. In a later stage, the Cu 2þ concentration will be substantially lower, and it will take longer for a starting polymer chain to be oxidized by Cu 2þ and grow. This means that there are relatively more short chains present, and these chains are susceptible towards overoxidation. Furthermore, the rms roughness of the longer reacted samples (1.9 AE 0.2 nm for the 1 M pyrrole þ 0.01 M bipyrrole solution) is substantially higher than the roughness of the sample that was reacted for only 1 h in the same solution. With 0.7 nm, this roughness is the same as that of the pure block copolymer film. In the samples that were reacted for 16 h, individual polypyrrole particles appear to be present (Fig. 13) . This is consistent with the conventional synthesis mechanism of polypyrrole, which proceeds slowly. Embryonic nuclei have the opportunity to diffuse to heterogeneous nucleation sites, which leads to agglomerated structures of different starting chains growing together, whereas in early stage reactions with bipyrrole, homogeneous nucleation dominates, which means that polymer chains grow from the site where they were started, which in bulk solutions leads to nanofibers [42] , and in our templated case presumably to smoother surfaces.
For the nanorod samples, the results slightly differ. In this case, even after 16 h of reaction, no carbonyl band is observed in FTIR. Furthermore, even after the long reaction time, the polypyrrole yield is very low, as can be concluded from the low intensity of the IR bands. This low yield may be explained by the relatively low amount of Cu 2þ species in the sample as compared to the lamellar samples. The absence of the carbonyl band after this long reaction time is more difficult to explain, although it can only have a positive effect on the conductive properties of the obtained polypyrrole. These properties could be tested by performing conductivity measurements, however, reliable conductivity measurements on nanorod samples are hard to conduct. For normal 4-point or 2-point probe measurements for example, a connecting path should be created between the probes. This is difficult to obtain for the non-macroscopically aligned nanorod samples, and the measured conductivity will be very much subject to the number of connecting paths, which can be variable for every nanorod sample as it depends on the ordering of the rods and the exact amount of defects. Furthermore, because of the low thickness of the polypyrrole film covering the samples, the current trough the film will be very low, meaning that very sensitive equipment should be employed.
Conductivity measurements
For conductivity measurements on the lamellar samples, only the last problem has to be dealt with, and this problem is not insurmountable. By placing two line electrodes only several microns apart, a large enough current to measure the conductivity should be able to flow. This was realized by evaporating two w60 nm thick gold electrodes with a width of 4 mm and 60 mm separation onto a polypyrrole sample that was reacted for 1 h in a 1 M pyrrole with 0.01 M bipyrrole solution. The ramping voltage was varied from À30 V to 30 V, and resulted in a straight I-V curve, indicating an average conductivity of 21 Â10 À6 S (Fig. 14) . The in plane conductivity s is defined as s ¼ (CL)/(hw), where C is the lateral conductance of the film, L is the spacing between the two probes, h is the film thickness, and w the probe width. Taking 19.7 À 15.4 ¼ 4.3 nm for the average film height, the lateral conductivity becomes 0.7 S cm À1 . Although composite conductivities of up to 150 S cm À1 have been reached for relatively thick films using P4VP/Cu 2þ templated polymerization [24] , Ishizu et al. found similar values (compared to this research) for PS-b-P4VP/Cu 2þ templated polymerization in horizontally oriented lamellar samples, however, in their case reaction did not take place in solution as pyrrole vapors were used, and the ions had not been washed from the films after polymerization. Washing led to a considerable decrease in conductivity, which the authors only explained as being caused by the destruction of the microdomain structure, but the effect could also partly originate from the removal of the ions [19] . Furthermore, the value obtained in this research certainly compares positively to the 4 Â 10 À3 S cm À1 recently reported by Mou et al. for polypyrrole nano-films prepared by admicellar polymerization [46] .
Conclusion
Single lamellar and cylindrical layers of PS-b-P4VP, obtained by washing away PDP from self-assembled thin films of PS-b-P4VP(PDP) comb-shaped supramolecules, have been used as templates for chemical oxidation polymerization of pyrrole. On these templates, thin, conducting polypyrrole films of 4-26 nm have been obtained by complexation of Cu 2þ ions with P4VP and subsequent polymerization in methanol solutions of pyrrole and a small amount of bipyrrole, acting as an initiator. This showed that bipyrrole not only has a favorable influence on solution polymerizations, but also on P4VP/Cu 2þ templated polymerization. Due to their small thickness, the obtained films are largely transparent, which could be beneficial for the fabrication of polymer-only devices, while single polymer nanorods coated with polypyrrole might serve as conducting nanowires in nanoscale devices.
